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Abstract  
 
Forest vertebrate fauna provide critical services, such as pollination and seed dispersal, which 
underpin functional and resilient ecosystems. In turn, many of these fauna are dependent on 
the flowering phenology of the plant species that constitute such ecosystems. The impact of 
changes in climate, including climate extremes, on the interaction between these fauna and 
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flora have not been identified or elucidated, yet influences on flowering phenology are 
already evident. These changes are well-documented in the mid to high latitudes. However, 
there is emerging evidence that the flowering phenology, nectar/pollen production, and fruit 
production of long-lived trees in tropical and subtropical forests are also being impacted by 
changes in frequency and severity of climate extremes. Here, we examine the implications of 
these changes for vertebrate fauna dependent on these resources. We review the literature to 
establish evidence for links between climate extremes and flowering phenology, elucidating 
the nature of relationships between different vertebrate taxa and flowering regimes. We 
combine this information with climate change projections to postulate about the likely 
impacts on nectar, pollen and fruit resource availability and the consequences for dependent 
vertebrate fauna. The most recent climate projections show that the frequency and intensity of 
climate extremes will increase during the 21st century. These changes are likely to 
significantly alter mass flowering and fruiting events in the tropics and subtropics, which are 
frequently cued by climate extremes, such as intensive rainfall events or rapid temperature 
shifts. We find that in these systems the abundance and duration of resource availability for 
vertebrate fauna is likely to fluctuate, and the time intervals between episodes of high 
resource availability to increase. The combined impact of these changes has the potential to 
result in cascading effects on ecosystems through changes in pollinator and seed dispersal 
ecology and demands a focused research effort. 
 
Introduction 
 
The periodic flowering and fruiting of trees (phenology) provides critical resources for 
nectarivorous and frugivorous fauna, and enhances the ecosystem services they provide. The 
timing and magnitude of these events are affected by multiple factors, including seasonal 
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variations in temperature and precipitation (Cleland et al., 2007). The role of interannual and 
decadal-scale climate variability such as droughts and floods in triggering episodic flowering 
is well established (e.g. Jentsch et al., 2007, Law et al., 2000, Numata et al., 2003). The key 
drivers of variability, for example the El Niño Southern Oscillation (ENSO), are often 
associated with extreme climate events, which in turn affect the timing and production of 
nectar, pollen and fruit (Figure 1).  
 
Changes in phenology are among the first signals of species’ response to climate change 
(Diez et al., 2012). These changes are happening on a global scale but vary regionally 
(Menzel et al., 2006). The predominant impact of global warming on phenology is an 
increase in the length of the growing season in mid to high latitudes in response to rising 
temperature (IPCC, 2007). In contrast, in tropical and sub-tropical regions, where the rate of 
warming is not as fast as in the high and mid-latitudes, changes in the distribution and 
occurrence of temperature and precipitation extremes, rather than changes in mean climate, 
are the main drivers of changes in phenology (Garcia et al., 2014, Ovaskainen et al., 2013, 
Parmesan, 2007). In these regions, heatwaves, droughts, floods, and tropical storms are key 
factors affecting phenology. These extreme events impact nectar and fruit resource 
availability with potential cascading effects for dependent fauna populations and the crucial 
ecosystem services they provide (Figure 1).  
 
For most terrestrial biomes there is no detailed knowledge of how climate change will impact 
the scale, type and interaction of phenological processes (Garcia et al., 2014, Smith, 2011a). 
Many of the ecological impacts of climate change are a consequence of changes in extreme 
events rather than a result of change in mean climate. However, the impact of changes in 
climate extremes on cyclical mass flowering in long-lived tree species has received 
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considerably less attention than the impact of changes in mean climate (Garcia et al., 2014). 
Recent climate projections show robust and significant increase in the frequency, intensity 
and duration of climate extremes during this century (IPCC, 2012, IPCC, 2013). These 
projected changes have the potential to have a significant impact on tree phenology, 
particularly irregular mass flowering and fruiting.    
 
The basic properties of any observed meteorological data, for example surface temperature or 
rainfall, are defined in terms of the mean over time and the amount of variance about the 
mean. Extreme weather events are defined as events that are rare, severe and unseasonal at a 
particular place and time. Observations that are as rare as, or rarer than, the 10th or 90th 
percentile of a probability density function are considered to be extreme events (Seneviratne 
&  al., 2012). An extreme climate event is the result of persisting extreme weather over a 
longer time period (e.g., drought or heavy rainfall). Climate extremes can be divided into two 
categories: 1) those based on simple climate statistics (typically calculated over the 
climatological record e.g., 1961-1990), which includes extremes such as a very low or very 
high daily temperature, and; 2) more complex event-driven extremes such as droughts, 
floods, heat waves, and tropical cyclones (Easterling et al., 2000). A small change in mean 
temperature or rainfall as a result of climate change may lead to substantial changes in the 
frequency of extreme events, i.e., events outside the 10th and 90th percentile of a range of a 
particular probability distribution function (Cai et al., 2014, Jentsch et al., 2007, Smith, 
2011b). 
 
Two of the most important categories of climate extremes affecting the phenology of tropical 
and subtropical forests involve temperature and rainfall variations (drought and high intensity 
rain events). Flowering is often triggered by temperature changes (Hudson et al., 2010, Pau et 
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al., 2013, Wright, 1991), dry spells can both trigger and inhibit flowering (Law et al., 2000, 
Wright &  Calderon, 2006), and both drought and heavy rain can lead to flower or fruit drop, 
affecting food resources for months or even years (Gunarathne &  Perera, 2014, Owens, 
1995). Therefore, projected changes in climate extremes have the potential to affect tree 
phenology through significant perturbations to the timing of fruit, seed and flower 
availability, with cascading effects on the distribution, fitness and population dynamics of 
dependent vertebrate fauna (e.g., birds, bats, primates) (Parmesan, 2006). Yet the 
implications of climate extremes and future climates for terrestrial plants and animals are not 
clear (Juarez et al., 2013), and the consequences for resource availability for associated 
vertebrates have not been adequately investigated. Where studies do exist, they often do not 
have sufficient time-series data to provide the statistical power necessary for robust analysis 
(Jolly et al., 2002). These changes in phenology driven by climate change represent a major 
threat to the functioning of tropical and subtropical ecosystems, especially for functions such 
as pollination and seed-dispersal performed by nectarivorous and frugivorous vertebrates. 
 
Here we review and synthesise evidence of the potential impacts of projected changes in 
climate extremes on the phenology and associated productivity of nectar and pollen 
production (flowering) and fruiting in long-lived tree species. We then discuss for the first 
time the consequences of these changes in foraging resources for nectarivorous and 
frugivorous vertebrate fauna. We focus on tropical and subtropical forests and woodlands 
between 30° North and 30° South because of their high biodiversity and key role of the 
climate extremes in impacting phenology. We then relate this information to the latest climate 
change projections to examine the implications for the phenology of resource availability, 
and identify important areas for future research.  
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The role of climate in interannual- and decadal-scale variability of flower, nectar and 
fruit production 
 
The effect of climate events on flowering phenology across the tropics and subtropics varies 
with regional environmental conditions and forest type (tropical, mass-flowering/dipterocarp, 
subtropical) (Figure 2). The flowering times of long-lived trees can be regular (e.g., annual), 
or irregular and/or aseasonal with variation across years. For instance, in seasonally dry 
tropical forests, while there is a range of phenological patterns (Kushwaha et al., 2011) 
flowering peaks generally occur at the end of the dry or the beginning of the wet season (van 
Schaik et al., 1993) and are driven by water availability (Corlett &  LaFrankie, 1998). Some 
extreme climate events such as heavy rain or drought can lead to flower and fruit drop 
(Gunarathne &  Perera, 2014), while cyclones can cue seasonally unusual flowering events 
(Hopkins &  Graham, 1987). In Central American tropical dry forests, flowering occurs at 
different times of the year, driven by seasonal variations in rainfall and associated plant 
moisture availability (Borchert et al., 2004). In Australia’s tropical savannas, plant-available 
moisture in the dry season is determined by wet season rainfall. If there is lower-than-average 
rainfall in the preceding wet season, this may reduce nectar availability in the subsequent dry 
season (Woinarski et al., 2000). Drought can also delay the dry-season flowering and fruiting 
of Amazonian rainforest trees, reducing tree reproductive success through reduced seed set 
(Brando et al., 2006). 
 
Tropical regions bordering the Pacific Ocean experience high interannual and inter-decadal 
variability in rainfall associated with ENSO phenomena in the central Pacific (Power et al., 
1998). In some aseasonal Asian tropical forests, mass-flowering associated with El Niño 
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events is a community-wide occurrence (Brearley et al., 2007, Numata et al., 2003). Mass-
flowering can also occur in tropical forests in South America (Curran et al., 1999). Wright 
and Calderón (2006) propose that although extended dry periods can trigger flowering in 
many cases, severe drought in some Pacific regions caused by extreme El Niño events 
generally reduces reproduction and growth for all forest plants, and that this is likely to be the 
case for all humid tropical forests. For several tropical species, a drop in temperature 
following heavy rain is the cue for flowering (Wright, 1991); for others, warmer temperatures 
can stimulate flower production (Pau et al., 2013). 
  
The subtropics vary widely in rainfall seasonality. For example, in Australia the effect of 
climate change on flowering patterns in the extensive subtropical forests and woodlands is 
difficult to predict. Flowering phenology (including nectar and pollen production) varies 
among species, and is both seasonally and cyclically dynamic and spatially variable, driven 
by rainfall, temperature and soil/substrate moisture (Hudson et al., 2010, Keatley et al., 2002, 
Law et al., 2000, Moncur, 1992, Porter, 1978).  In subtropical Asia, and especially southern 
China, seasonal temperature changes drive flowering phenology (Corlett &  LaFrankie, 
1998). In northern India, flowering occurs primarily during the dry season for canopy species, 
and during the rainy season for understorey trees (Shukla &  Ramakrishnan, 1982). 
Differences among species in how flowering intensity responds to rainfall were reported by 
Law et al. (2000) for 20 eucalypt species in coastal eastern Australia: drought triggered poor 
flowering in four eucalypt species, but peaks in flowering intensity for others. Prolonged 
drought can cause floral bud abortion in eucalypts, delay bud development or lead to reduced 
nectar production and floral visitation by nectarivores (Law &  Chidel, 2009, Law et al., 
2000). 
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Fruit availability also varies temporally in tropical dry forests (Kushwaha et al., 2011), and is 
likely to be influenced by climate change. Already, observed changes in the timing of tropical 
tree fruit production in Kibale National Park, Uganda, have been linked to shifts in climate. 
Although responses to climate are complex and vary among species, the current climate 
conditions are now unsuitable for fruiting for some tree species occurring in the park 
(Chapman et al., 2005). In a global study of the link between fruiting phenology and climate, 
Ting et al. (Ting et al., 2008) found that in tropical regions fruit production was related most 
strongly to evapotranspiration. Thus, seasonal changes in climate leading to variations in 
evapotranspiration could affect fruiting phenology. In Panama, changes in weather conditions 
due to El Niño-Southern Oscillation events are strongly linked to fruit production (Wright et 
al., 1999). Seasonal low temperatures drive annual fruiting phenology in the Indo-Malayan 
subtropics, and many species of frugivores, including the Asiatic black bear (Ursus 
thibetanus), rely on fruit at different times of the year (Corlett 1998). 
 
 
Relationships between vertebrate fauna and current flowering and fruiting regimes 
 
Many tropical and subtropical forest fauna species rely on tree flowering and fruiting cycles. 
Here we examine the available evidence of how mammal and bird species - both facultative 
as well as obligate nectarivores and frugivores - are currently affected by climate-driven 
variations in flower and fruit production. 
 
Based on total biomass, most tropical forest vertebrates are frugivores (Fleming et al., 1987). 
Almost a third of the world’s terrestrial birds rely directly on flowers, fruit or seed for food, 
and many rely indirectly on these resources (Kissling et al., 2012). Fruit resources are a 
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fundamental dietary component for monkeys throughout the tropics and sub-tropics, such as 
for titi Callicebus spp., saki Pithecia spp., and uakari Cacajao spp. (Hawes &  Peres, 2013), 
or are a temporary resource when other food sources are scarce. During seasonal food 
scarcity, frugivores use diet-switching or change their foraging range patterns to compensate 
(White, 1994).  
 
Some Madagascan lemur species also rely heavily on regular cyclical fruit availability. The 
most important food source for the ring-tailed lemurs (Lemur catta) and the Milne Edward’s 
sifaka (Propithecus edwardsi) is the tamarind tree (Tamarindus indica), especially during the 
dry season, with dry weather crucial for tamarind fruit setting and development (Morton, 
1987). A 20-year study in Ranomafana National Park, southeastern Madagascar (Dunham et 
al., 2011) found that the reproductive rates of the threatened Milne Edward’s sifaka were 
strongly associated with cyclone events, ENSO phases and rainfall variability. In particular, 
ENSO events linked with heavy rainfall resulted in lower fecundity and increased infant 
mortality. This unexpected result may be attributed to a potential disruption in the seasonal 
cycle of their primary food sources of fruit and young leaves (Dunham et al., 2011). First 
year mortality of ring-tailed lemurs in Madagascar’s Berenty Reserve from 1983-2011 was 
also high during extreme rainfall events (Alison Jolly, pers comm., 5 Dec 2012).  
 
Temporal continuity of resources crucial for frugivores and nectarivores is often provided by 
different tree species within the same area having different flowering or fruiting times. In 
some cases, fruit or nectar resource bottlenecks, resulting from disruption to these 
complementary timings, can be so severe that reproduction and survival are affected. Curran 
and Leighton (2000) and Wong et al. (2005) observed starving bearded pigs Sus barbatus in 
West Kalimantan and Sabah, respectively, during prolonged periods between mast-fruiting of 
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nuts and acorns, while a study by Fredriksson et al. (Fredriksson et al., 2006)  suggests that 
sun bears (Helarctos malayanus) depend on mast fruiting in aseasonal forests in Borneo to 
build fat reserves for non-mast years.  
 
Nectar is a key resource during the dry season for capuchin monkeys (Cebus spp.) in the 
Brazilian Amazon (Peres, 1994), and, similarly, in sub-tropical forests, can form a key 
resource for vertebrate species, such as for starlings (Sturnidae spp.) in Asian forests (Corlett, 
2004). Plants in the Myrtaceae family are essential sources of pollen and nectar for a diverse 
range of Australian fauna (Allen &  Saunders, 2002, Geering &  French, 1998, Saunders et 
al., 2003, Woinarski et al., 2000), where specialist nectarivores such as the marsupial honey 
possum (Tarsipes rostratus) and the squirrel glider (Petaurus norfolcensis) are highly 
vulnerable to seasonal variations in nectar availability (Sharpe, 2004, Wooller et al., 1993). 
 
 
Future climate extremes and their potential impacts 
 
The most recent climate projections strongly suggest that the frequency, intensity, and 
duration of extreme events will progressively change during the course of the 21st century 
(Table1). In both tropical and subtropical regions, the rate of change of warm extremes 
(Figure 3a) will exceed the rate of change of cold extremes (Kharin et al., 2013, Sillman et 
al., 2013). There is increasing confidence that contrast between wet and dry regions and 
seasons will increase further (see Table 1, and Figure 3b,c,d). Larger precipitation events 
(O'Gorman, 2012), and longer periods between them (Knapp et al., 2008, Polade et al., 
2014), will change the frequency of drought and flood events (Chou et al., 2013, Huang et 
al., 2013). In addition, projected changes in the differential rate of warming in tropical oceans 
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(Tokinaga et al., 2012) will result in an increased intensity and frequency of El Niño events, 
with consequences for regions surrounding the Pacific Ocean (Cai et al., 2014, Power et al., 
2013, Santoso et al., 2013). Warmer surface temperatures will increase tropical storm 
intensity (Tokinaga et al., 2012). Ongoing warming is expected to exceed the bounds of 
historic climate variability from the middle of 21st century, and this is most likely in the 
tropics, where historical variability is lowest (Hawkins et al., 2014, Mahlstein et al., 2011, 
Mora et al., 2013) and biodiversity is highest (Myers et al., 2000).   
 
A regionally-specific summary of projected changes in selected climate extreme indices 
under the RCP8.5 climate scenario for the tropical and sub-tropical land areas is provided in 
Figure 4, and indicates that the annual maximum value of the daily maximum temperatures in 
most regions will increase by 5 – 9 oC, with western Latin America and southern India/south 
east Asia experiencing an additional 8-10 days of rainfall greater than 20 mm by 2100.  The 
Amazon rainforests and dipterocarp forests in south east Asia are indicated to have much 
longer periods of consecutive dry days, an increase of up to 10 consecutive dry days in the 
Amazon basin and northern Australia, Conversley, in Africa many places may experience 
fewer dry periods. In South America the Intertropical Convergence Zone (ITCZ) will influence 
changes in rainfall seasonality, and in Australasia ENSO will drive droughts and heat waves 
(Chou et al., 2013, Held &  Soden, 2006, IPCC, 2013, Polson et al., 2013, Scheff &  
Frierson, 2012). 
 
These projected changes in climate extremes will result in changes in the phenology aod 
tropical and subtropical forests, and, as a consequence, the availability of resources to 
frugivorous and nectarivorous fauna. In the Neotropics, frugivorous primate populations 
decline following El Niño events, as a result of restricted fruit production and availability 
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over large areas (Wiederholt &  Post, 2010, Wright et al., 1999). If the projected increase in 
the frequency of El Niño events is realised then changes in the timing and availability of fruit 
resources across large tracts of Neotropical forests could undermine the persistence of 
primate species. Similarly, the impact of more-frequent droughts on nectar production is 
demonstrated by some Australian eucalypts where flowering is curtailed and nectar volume 
reduced (Law &  Chidel, 2009, Law et al., 2000, Law &  Chidel, 2008, Pook et al., 1997, 
Wilson &  Bennett, 1999). Based on current knowledge, increases in daily minimum 
temperatures are also predicted to decrease the regularity of prolific flowering for many 
species, and at least one species important for many nectarivorous bird and mammal species, 
Corymbia maculata, is known to produce less nectar per flower after a run of above-average 
minimum temperatures (Law et al., 2000, Law &  Chidel, 2008, Moncur, 1992).   
 
Extreme events such as heavy rainfall and high wind, which may be driven by cyclone or 
storm events, can cause flower drop, or ‘floral abortion’, in tropical plants (Owens, 1995), 
with consequences for nectar and fruit availability. Climate change projections indicate that 
cyclones and typhoons will decrease in frequency but increase in intensity in future (IPCC, 
2013). In addition to their immediate effects, the impacts of hurricanes can involve time lags, 
as shown by decreases in bird populations, related to changes in food availability, following 
Hurricane Gilbert in Jamaica (Wunderle et al., 1992), or they can be catastrophic and lead to 
extinction, as in the case of the St Kitts Bullfinch (Raffaele, 1977). Following tropical 
Cyclone Larry, in northern Australia, nectarivorous and frugivorous bat species changed their 
foraging behaviour and population dynamics in response to the altered food availability 
(Shilton et al., 2008). Non-climatic pressures, such as habitat fragmentation or degradation, 
can also combine with extreme weather events and result in cascading impacts on food 
availability. Frugivorous birds such as the wompoo fruit-dove Ptilinopus magnificus and 
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figbird Sphecotheres viridis decreased in abundance in rainforest fragments after Cyclone 
Larry (Freeman et al., 2008).  
 
Changes to species interactions resulting from altered resource availability cued by extreme 
events could lead to trophic cascades and ecosystem disruption or impairment (Allesina et al., 
2009). Where duplication of functional roles exists (for example, seed dispersal is a common 
ecosystem service of frugivores), the integrity of the ecosystem might be maintained, even 
with a change in species composition (Cumming &  Child, 2009). However, the displacement 
of one species by another with a greater adaptive capacity to climate change, including 
climate extremes, may not necessarily maintain all ecosystem functions and processes, as 
dysfunction can also result from changes in the timing of functional processes and lifecycle 
events.  
 
 
Synthesis and future research directions 
 
In this section, we synthesise the evidence reviewed above to predict the feedback effects of 
the changing relationship between reproductive phenology and dependent vertebrate species 
on ecosystem composition and function, and suggest areas for future research. While our 
suppositions remain tentative due to the paucity of research in certain critical areas, they are 
grounded in demonstrated climate-forest relationships, systems ecology and projected 
changes in climate extremes, and we use them to identify future research directions. 
 
The seasonality and interannual- to decadal-scale variability of rainfall and temperature are 
already changing, as are the frequency and intensity of extreme events. However, there is 
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limited understanding of how climate-related physiological controls of reproductive 
phenology in tropical forests will change in turn (e.g.Zelazowski et al., 2011). Existing 
evidence shows that in lower latitudes where temperature per se is not a constraint, there are 
complex temporal sequences of rainfall, temperature, wind, and solar radiation that influence 
tree flowering, nectar and fruiting phenology. For instance, in some regions, flowering, nectar 
production and fruiting are linked to a sequence of a cool dry period occurring after heavy 
rain (Gunarathne &  Perera, 2014, Law &  Chidel, 2008, Numata et al., 2003, Wright, 1991). 
In others, there is a positive link with temperature (Hudson et al., 2010) or evapotranspiration 
(Ting et al., 2008). Flower abortion can be caused by heavy rain and windy conditions 
(Owens, 1995), and yet flower production can also be stimulated by cyclones (Hopkins &  
Graham, 1987).   
 
In tropical regions, increases in rainfall intensity and maximum temperatures may result in 
less-reliable and more spatially-dispersed nectar and fruit resources, which will affect both 
mammals and birds(Dunham et al., 2011, White, 1994). The increased frequency of El Niño 
events (Cai et al., 2014, Power et al., 2013, Santoso et al., 2013) will affect interannual to 
decadal variability in rainfall, temperature and hence evapotranspiration in Southeast Asia 
and Australia. This will lead to an increase in the length of periods between mass flowering 
and fruiting events for species whose flowering phenology is triggered by periodic heavy 
rainfall events, which will in turn affect the population dynamics of vertebrate species 
(Corlett &  LaFrankie, 1998, Dunn et al., 2010, Wong et al., 2005). Conversely, mass 
flowering of species triggered by drought events will potentially be more common. 
 
In subtropical regions, as a consequence of the increasing incidence of droughts and 
heatwaves, the net quantity of nectar at flower, stand and landscape scales may be reduced, 
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and its temporal variability increased, with corresponding changes in fruit production (Law &  
Chidel, 2008). For example, in north-eastern India, decreases in rainfall, through reduced soil 
moisture, inhibit both the development and size of fleshy fruits (Shukla &  Ramakrishnan, 
1982). This is likely to disrupt the synchrony of tree phenology with bird and mammal 
reproduction because of the scarcity of resources (Woinarski et al., 2000). Different 
vertebrate taxa will be affected differentially; more mobile species may be able to move more 
widely to access food resources.   
 
Changes in faunal assemblages resulting from changes in tree phenology may in turn affect 
local ecosystem functions. Vertebrate species provide pollination and seed dispersal services 
that maintain overall ecosystem health and resilience (Sekercioglu, 2006). These pollinators, 
seed predators and dispersers may be especially sensitive to changes in mass flowering as a 
result of climate change (Numata et al., 2003). If species are adversely affected by changes to 
reproductive phenology due to climate extremes, then there may be cascading local 
extinctions in ecosystems. However, in many cases, there is a lack of detailed knowledge of 
the underlying response mechanisms which may impact resource availability.  
 
In some cases, insects or other dispersal vectors may take on seed dispersal roles previously 
filled by vertebrate species; however this would not be feasible for large-seeded trees. Cox et 
al. (1991) suggest that on tropical islands where flying foxes (Pteropus spp) act as the major 
pollinators and seed dispersers, their extinction will affect plant community composition. 
This hypothesis appears to be supported by research by Meehan et al. (2002) in Tonga, and 
McConkey and Drake (2002) in the Cook Islands, although direct evidence of plant 
extinctions due to loss of seed dispersers is difficult to obtain. In the eastern Amazon, Brando 
et al. (2006) found that fruit mass was reduced during drought periods and many individuals 
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had no seeds, so although these fruit may still be eaten by monkeys (Hawes &  Peres, 2013), 
tree recruitment is likely to be greatly reduced, changing the composition of ecosystems over 
time. These cascading effects demonstrate that forest and woodland ecosystems in the tropics 
and sub-tropics, which have previously been seen as resilient to climate change due to high 
functional redundancy and diversity, could be far more vulnerable than previously realised 
(Dyer, 2008).  
 
 Trees have long regeneration times and generally short dispersal distances, and are one of the 
first taxa to be impacted by climate change (Boardman, 1994). It has been predicted that trees 
are unlikely to adapt to climate change sufficiently rapidly to avoid high mortality rates 
(Solomon &  Kirilenko, 1997). As many long-lived tree species rely on large flowering 
events for reproduction, disruptions to the timing of climate events could have consequences 
for forest regeneration, such as if the flowering process is not triggered at the optimum time 
for successful seed set thus reducing viable seed population. 
 
Our review suggests that there are a number of areas where future research can help quantify 
the potential impacts of extreme events on the phenology of tropical and subtropical forest 
ecosystems and resulting consequences for nectarivorous and frugivorous fauna. These 
include:    
 
1. Focus on understanding the spatial and temporal relationships between extreme 
climate events and resource bottlenecks in nectar and fruit, and their effect on 
dependent vertebrate species. 
2. Greater focus on the biodiversity impacts of climate extremes rather than changes in 
mean climate alone. This needs to go beyond changes in onset (timing) of seasons 
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(spring in high latitudes), to recognise the complex-interacting effects of changes in 
multiple climate variables and their variability on ecosystems and their biota; 
3. More quantitative assessment of the impact of climate extremes on flowering, nectar 
and fruiting phenology of long-lived tree species in the tropical and sub-tropics; 
4. Biome-specific studies of the impact of extremes including critical thresholds (e.g. 
cold night-time temperatures) and potential cascading consequences for fauna; 
5. Consideration of how the interaction of climatic and non-climatic stressors, such as 
landscape fragmentation, could trigger cascading changes to tropical and sub-tropical 
forests and fauna; 
6. Focus on the robustness of projected changes in climate extremes, in terms of the 
timing, rate and magnitude of change. 
 
The impact of climate extremes may be significant for systems where irregular mass 
flowering events are critical for recruitment and provision of resource booms, as these 
extremes may have cascading ecosystem effects (Kissling et al., 2008). 
 
While these relationships will be ecosystem- and species-specific, there may be general 
patterns that apply more broadly. Related to this is the need to investigate the temporal 
dependencies in species and ecosystems interactions, for example, different 
species/populations may starve at varying times due to phenological changes, and this could 
affect ecosystem processes in different ways. These relationships could then be modelled to 
allow estimates or predictions of the effect of future climate extremes. Another useful option 
would be to identify and monitor ‘natural experiments. 
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Table 1: Summary of information on observed and projected change in climate extremes based on the 
IPCC AR5, focussing on terrestrial regions between 30°N - 30°S (IPCC, 2013) 
 
Climate factor Observed since 1950 Projected changes (21st 
Century) 
 
Simple statistically-derived extremes 
 
Warmer and/or fewer cold days and 
nights 
 
Very likely Virtually certain 
 
Warmer and/or more frequent hot days 
and nights 
 
Very likely Virtually certain 
 
Heavy precipitation - increases in 
frequency/intensity/amount 
 
Likely Very likely 
Event driven extremes 
 
Heat waves increase in frequency and 
duration 
Likely Very likely (higher maximum 
temps) 
 
Drought – increases in 
intensity/duration 
Likely in many  
regions since 1970 
Likely (reduced mid-latitude 
summer soil moisture) 
 
Intense tropical cyclone activity 
increases 
Likely in some  
regions since 1970 
 
Likely 
El Niño events – increases in 
frequency/intensity 
 Likely (more intense ENSO 
droughts and floods in Pacific 
region) (Power 2013) 
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Figure 1: Schematic representation of climate and weather extremes in the tropics and sub-tropics 
and their impact on tree phenology and resulting impacts on dependent fauna and related ecosystem 
functions. Natural mechanisms of climate variability, affected by both natural and anthropogenic 
drivers, include El Niño–Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), 
Intertropical Convergence Zone (ITCZ) and Madden-Julian Oscillation (MJO). These in turn 
influence climate extremes and events through the hydrological cycle, temperature changes and 
cyclones and storm events. Changes in seasonality, temperature and rainfall can affect flowering and 
budding, which in turn has an impact on resource (nectar and fruit) availability for vertebrates, 
potentially changing species’ persistence and community composition, with knock-on effects on 
ecosystem services related to tree and forest regeneration. 
 
Figure 2: Relationships between climate changes, flowering/fruiting and impact on dependent 
vertebrates, for different general forest types. ‘Dipterocarp forests’ is separated from other tropical 
forests as mass-flowering, where the trees flower synchronously, is the principal flowering 
mechanism in those forests. These forests are also found in Asia, where ENSO is a key climate 
mechanism, while in South America and Africa the ITCZ is more important. In sub-tropical forests, 
flowering is generally a seasonal phenomenon, triggered by spring changes in climate variables, such 
as temperature. In aseasonal and seasonal tropical forests, different tree species flower at different 
times during the year.  
 
Figure 3: Projected changes in selected climate extreme indices: a) Maximum value of daily 
maximum temperature (Celcius); b) Simple precipitation intensity index (total precipitation divided 
by the number of wet days (mm/day)); c) Very heavy precipitation (count of days with daily 
precipitation > 20 mm, days per year); d) Consecutive dry days (maximum number of consecutive dry 
days (days per year)). CMIP5 climate extremes ensemble data for RCP8.5 scenario, 2080-2100 
compared with 1980-2000. Source: http://climexp.knmi.nl/plot_atlas_form.py 
 
Figure 4: Changes in key climate extreme variables in each region: (l-r) Western Latin America; the 
Amazon basin; West Africa; East Africa; southern India & Southeast Asia; Australasia. The scale of 
change on the y-axis varies between -8 and +10 and relates to the relevant variable e.g., °C for 
temperature or number of days for rainfall > 20 mm per day. The information is derived from the 
CMIP5 climate extremes ensemble data for ‘business as usual’ RCP 8.5 scenario, 1980-2000 
compared with 2080-2100 for: Annual maximum value of daily maximum temperature (Celsius); 
Simple precipitation intensity index (mm/days/year); Annual count of days when rain > 20 mm 
(days/year); Maximum number of consecutive dry days (days/year). See Figure 3 for global map for 
each variable. 
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